Abstract Conventional multistation location estimation is not possible for small earthquakes and explosions recorded at only a single seismic station. We present a novel method of estimating epicentral distance by integrating observed travel times (Lg-Pn and Sn-Pn) measured on three-component (3C) single-station data with theoretical travel times for the same phase combinations determined from 3D velocity models. Theoretical travel times for the body-wave phases are estimated using raytracing through a 3D P-and S-wave velocity model, while the travel times for Lg are estimated either using raytracing techniques or with a constant velocity determined from synthetics. Backazimuths are determined by applying polarization techniques on 3C data. The backazimuth and distance are then used to determine the epicenter for the event. The results of applying this 3D single-station location methodology to well-located events in southern Asia show mislocation errors that are typically less than 6% of the total propagation path distance.
Introduction
Regional monitoring of low-yield nuclear explosions will require detection, location, and discrimination of small seismic events recorded only at regional-distance seismic stations or arrays. Prior to classifying a small, regionally recorded seismic event as a nuclear explosion, the event must be located and the spectral characteristics of the signal evaluated for discrimination purposes. Location of the event on or near a known nuclear test facility plays an important role in determining the processing used to discriminate the event. Thus, the accurate location of small seismic events in both space and time plays a vital role in nuclear monitoring efforts.
For global networks, the preferred technique for event location is to have multiple station observations of P-wave arrival times. In regions with relatively few seismic stations and small-to intermediate-magnitude events, multistation location methods are not feasible. This fact motivates the need for practical location algorithms based on observations made at a single station or array. To locate an event with a single seismic station or array, the slowness vector for the various seismic phases recorded (e.g., Pn, Pg) must be estimated. For a single three-component (3C) station, the horizontal projection of the slowness vector is the backazimuth, and epicentral distance is calculated from the differences in travel time between secondary and primary phases (e.g., LgPn) . Given the station-to-source azimuth and the epicentral distance, the epicenter can be determined using standard geometrical formulae.
Single-station location techniques typically use formulae based on 1D models to estimate epicentral distance. Most recently, Pulliam et al. (2000) focused on determining the reliability of single-station location estimates where no information about the crust is available. They concluded that for single-station location estimates to be both reliable and accurate, an adequate knowledge of the near-source and along-path bulk crustal structure is needed. The method of single-station locations presented in this short note seeks to improve epicenters in regions of laterally varying crustal structure, such as southern Asia, by using raytracing and waveform synthetics based on 3D velocity models.
Location Methodology
Generating Travel Times for Regional Seismic Phases in 3D Models
In our method, we estimate theoretical travel times for the regional phases Pn, Sn, and Lg from raytracing techniques in 3D models. The resulting 3D travel-time grids are differenced (e.g., Lg-Pn) and compared to observational data to determine epicentral distance estimates. As described in the following section, we parameterized a 3D global velocity model, performed raytracing to estimate Pn and Sn travel times, and computed waveform synthetics, in addition to raytracing, in order to estimate Lg travel times.
The global 3D model chosen for evaluation of our Figure 1 . Travel-time maps for station NIL that highlight the differences between 3D and 1D models.
(Top) Difference between travel times generated for P waves using the 3D CRUST2.0 and 1D IASP91 models. (Middle) Difference between travel times generated for S waves using the 3D CRUST2.0 and 1D IASP91 models. (Bottom) Difference between travel times generated for Lg using the crustalaveraged 2D CRUST model and a constant velocity (3.5 km/sec) model. For the body waves, the main differences between the CRUST2.0 and IASP91 models occur in regions where the crustal thickness is greater than 35 km. For the Lg results, the main differences between a constant velocity grid and one based on 2D raytracing occur at faster shield regions and slower basins.
single-station location methodology was CRUST2.0, developed by Bassin et al. (2000) . We note, however, that any 3D model can be integrated into this single-station location methodology. Below a depth of 210 km, we tapered the CRUST2.0 model into the IASP91 model (Kennett and Engdahl, 1991) . We parameterized the CRUST2.0 model in terms of a velocity versus depth profile at each point on a geographic grid uniformly sampled in latitude and longitude. The velocity profiles range from sea level to a depth of 760 km. Our body-wave ray tracer solves the eikonal equation in Cartesian coordinates for a flat Earth model, so we accurately map our geographic velocity model to a Cartesian block model. For more information on the technique, the reader is referred to Reiter et al. (2001) .
To determine the values of the travel-time grid for Pn and Sn, we applied the Podvin-Lecomte (P-L) finitedifference travel-time algorithm (Lomax, 1999; Podvin and Lecomte, 1991) to the CRUST2.0 model using the location of the station as the source in the calculation. The model is discretized on an equally spaced grid composed of constant velocity cells. Multiple arrivals (transmitted, diffracted, and head waves) are calculated at each grid node, and the first arrival time is chosen. This computation produces a complete grid of travel times considerably faster than two-point raytracing, while allowing the sources and receivers to be located anywhere within the model. The P-L computations are then output in the form of a 3D travel-time grid for P and S at the station of interest. Figure 1 shows the comparison of the CRUST2.0-generated P and S travel times for station NIL (Nilore, Pakistan) relative to the travel times that the 1D velocity model IASP91 (Kennett and Engdahl, 1991) predicts for the two phases.
Before theoretical Lg travel times could be estimated, we first examined the published definitions of this important regional phase. The phase was first described by Press and Ewing (1952) as a transverse impulsive phase traveling across the North American continent with average crustal Swave velocities. We used this definition and determined the average shear-wave velocity in the upper 30 km of the crust at each node of the CRUST2.0 velocity model. This resulting 2D Lg velocity map was then input into the P-L technique in order to calculate a travel time from the station to every node. We henceforth refer to this modeling technique as "2D CRUST Lg." The results for NIL relative to a constant Lg velocity of 3.5 km/sec are presented in Figure 1 . Lg has also been described as higher-mode surface wave propagation Ewing, 1957, 1958) , and we used this definition to develop a method to estimate a constant Lg group velocity for each station (i.e., regionalized Lg) based on waveform synthetics. We use the modal summation method to compute synthetics for the fundamental and first five higher mode Rayleigh waves in 1D P-and S-wave velocity models near each station. We then estimated the group velocity for the onset of Lg, based on these synthetics, and used this constant velocity to create a travel-time grid (referred to as "CON Lg"). We estimated the Lg velocity at the NIL and HYB (Hyderabad, India) stations as 3.5 and 3.6 km/ sec, respectively. These velocities are typical for tectonic (NIL) and shield (HYB) regions (Bolt, 1957; Bowman and Kennett, 1991) . The reader is referred to Leidig et al. (2003) for more information on this technique.
Combining Observed Data with 3D Modeling Results to Generate Locations
The objective of this 3D single-station location methodology is to locate events recorded at only a single station. It requires an observed backazimuth and differential phase arrival time, such as Lg-P. The program utilizes theoretical 3D modeled travel-time grids for P and S, and uses the methods described earlier for Lg travel-time estimation, to determine the epicentral distance. Our methodology combines the estimated distance with the observed backazimuth to locate the event. Then the P travel time is determined from the 3D travel-time models and an origin time is obtained. We note that depth is an important aspect of any seismic event location; however, our methodology focuses on determining the epicenter for the event. Our technique can be combined with single-station techniques for event depth determination (e.g., cepstral techniques, waveform modeling) in order to estimate a hypocenter.
Testing the Method in Southern Asia Event Database
We designed a test of our single-station location methodology for events in southern Asia recorded at the stations HYB and NIL (Fig. 2) . We compiled a database of events with the most accurate locations within 10Њ of each station. The database consists of 85 events with location accuracy characterized by a ground truth (GT) classification as defined by the International Association of Seismology and Physics of the Earth's Interior (IASPEI) Working Group on Reference Events (http://lemond.colorado.edu/ϳcopgte). We have 4 GT1 events (which have 1-km accuracy), 31 GT5 events, 7 GT10 events, 17 GT15 events, and 23 GT25 events. The sources for the catalog data included the GROUP2 reference event list (McLaughlin et al., 2002) , the EHB bulletin (Engdahl et al., 1998) reference event database (Yang et al., 2000) . ( E The event catalog is available online at the SSA Web site.) Data from NIL and HYB were downloaded from the Incorporated Research Institutions in Seismology Data Management Center, and the locations of the stations and events are shown in Figure 2 . Figure 2 also marks the locations of the Koyna, Bhuj, Jiashi, and Chamoli earthquake clusters, which together with the Indian nuclear test at the Pokhran Test Site (PTS) of 11 May 1998 were all GT15 accuracy or better and the focus of this test.
Phase Picking and Backazimuth Determination
The next stage in the database development consisted of an analyst picking all regional phases observed on each waveform and creating an arrival database that included Pn, Pg, Sn, and Lg onset times. ( E The arrival database is available online at the SSA Web site.) In order to verify the accuracy of the analyst Lg picks, we extended the Jurkevics (1988) phase detection method, which calculates the ratio of the radial component to the vertical and transverse components, to include spectral analyses. Abrupt changes in these ratios, together with changes in the frequency content of the signal, are often associated with Lg arrivals. The analyst results were typically within 2 sec of the picks suggested from the Jurkevics (1988) method.
Finally, we determined the backazimuth of the P-wave arrival using a polarization technique developed by Jurkevics (1988) . We developed a module for our location methodology that calculates the backazimuth and rectilinearity for overlapping windows of 3C seismic data. We search for the largest value of the rectilinearity within the P-arrival window, and then determine the mean backazimuth in a 0.5-sec window following the time of the maximum rectilinearity. This was discussed further in Leidig et al. (2003) . When compared to another method of 3C backazimuth estimation, the frequency-wavenumber method as coded in MatSeis (Young et al., 2002) , we find the polarization technique is computationally faster and offers more accurate backazimuths for the events from our study region with location accuracy better than GT15.
Location Results We examined the performance of our single-station location methodology on the 11 May 1998 Indian nuclear test (PTS) and 38 GT15 or better events located from four clusters (Koyna, Bhuj, Jiashi, and Chamoli) (Figs. 2, 3 ). Koyna and Bhuj were located using station HYB, while station NIL was used for PTS, Jiashi, and Chamoli. ( E Details for each event and each cluster are given in the electronic supplements ES1 and ES2, which are available online at the SSA Figure 3 . Optimal single-station locations determined from our method for the Koyna, Bhuj, Jiashi, and Chamoli clusters and the PTS nuclear test of 11 May 1998. The locations were created using the CRUST2.0 P model with either the CON Lg or 2D CRUST Lg models (see text for explanation). Blue circles are the GT event locations, and the red diamonds show the single-station locations.
Web site.) The resulting mislocations were determined as the difference in distance between the single-station and GT locations and are compiled in Table 1 . For observed S-P travel times, we raytraced through the 3D CRUST2.0 S-and P-wave velocity models to estimate the arrival times. For Lg-P travel times, we incorporated either the constant Lg velocity grids (CON Lg) or the 2D Lg maps determined from averaging the upper 30 km of the CRUST2.0 model (2D CRUST Lg). We present two mislocations; the first is the total mislocation in kilometers due to both backazimuth and distance errors, while the second mislocation is due to distance error only. The results are also summarized in Figure  4 . For comparison, we present the results of incorporating the 1D IASP91 model (Kennett and Engdahl, 1991) to form single-station locations using both the S-P travel-time differences and the constant Lg-P travel-time grids.
The result of testing the various 3D and 1D models indicates that 3D models provide better single-station results in complex geology than 1D models, as CRUST2.0 locations for events recorded at station NIL were improved over the IASP91 results. Most of the travel paths from clusters Koyna and Bhuj to station HYB are through the Indian shield, which has similar velocities to IASP91, and therefore the 3D models do not offer improvement over the 1D models. Using Lg instead of S as a secondary phase generally gives smaller mislocations, especially in comparison to IASP91 S. The 2D CRUST Lg typically has the best locations, but regionalized Lg (CON Lg) is nearly as effective. For two of the five clusters, backazimuth errors doubled the mislocations.
Conclusions
We present a new method of generating single-station locations based on computing regional phase travel times using 3D models. Our single-station location technique yields locations that often compare favorably with results from traditional multistation location techniques for events in southern Asia. Single-station mislocations for four of the five event regions studied were less than 6% of the total epicentral distance, and it is clear from Table 1 that backazimuth error is the largest component of this error. We assume that this error could be reduced by using regional arrays, particularly arrays that have been empirically calibrated for off-azimuth propagation, as opposed to 3C stations. We SSLOC3D mislocations for each cluster (and recording station). P-wave model and secondary phase model define the type of model used to generate travel-time grids. The secondary phase indicates whether S or Lg was used to calculate the travel-time difference (i.e., Lg-P). The total mean mislocation lists the average mislocation (when both backazimuth and distance errors are considered) generated by the models for all events at the respective cluster. The last column is the average mislocation caused by the distance error only, as backazimuth is set to the station to GT location azimuth.
note that these locations are dependent on a 2Њ by 2Њ model and will improve as better regional velocity models are developed.
Our technique offers the added benefit of being able to locate events recorded at only a single station. In addition, while many of the nuclear test sites have calibrated singlestation location formulae, our single-station method improves location capability in broad and/or aseismic regions where little or no calibration data exist. We are continuing to improve our methodology, mainly through the development of additional phase modeling tools, such as extending the 1D synthetic techniques of Lg modeling discussed earlier to 3D. In addition, empirical calibration of both the 3D travel-time grids and backazimuths will further improve the methodology. 
